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By Frank A. Pfyl and Earl C. Watson 


SUMMARY 


The performance characteristics of axially symmetric internal- 
compression inlets with translating centerbodies are presented for a Mach 
number range of 0 . 85 to 3*5 and for Reynolds numbers between 0.6 and 5-2 
million (based on inlet diameter) . The study chiefly concerns the effect 
of boundary- layer removal on the total-pressure recovery for a number of 
internal shapes. A limited amount of data shows the effect of flow- 
deflector plates on angle- of- attack performance and data showing inlet 
flow distortion and unsteadiness characteristics also are included. 

Seven inlets were investigated and each is designated herein as 
either straight, ogival, or isentropic, according to the shape of its 
supersonic diffuser. The straight inlets were designed with internal 
surfaces having straight-line elements. The internal surfaces of the 
ogival inlet have contours which result from design considerations based 
on a one- dimensional flow analysis in conjunction with the requirement of 
a nearly linear pressure gradient. The isentropic inlets were designed 
by the method of characteristics to avoid the formation of internal shock 
waves . 

The results of the investigation showed that at Mach number 2.5 the 
pressure recovery of a straight inlet with zero boundary- layer removal was 
76 percent, whereas, with boundary- layer removal equal to approximately 
8 percent of the entering inlet mass flow the pressure recovery was 88 per 
cent. Although different in internal shape, the best straight and isen- 
tropic inlets had approximately the same pressure recovery at Mach number 
2.5 when boundary- layer bleed was applied. However, in the case of the 
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ogival inlet the pressure recovery was poorer than that of the straight and 
isentropic inlets. The initial rate of pressure recovery decay with angle 
of attack for the straight inlets increased -with increasing Mach number. 
With one inlet, a flow deflector plate was effective in maintaining the 
pressure recovery up to at least 9° angle of attack, and it improved the 
total-pressure distribution. A study of the internal-pressure oscilla- 
tions on two of the straight inlets showed that no air-flow unsteadiness 
occurred during supercritical inlet operation (terminal shock inside 
inlet). A test with one inle.t indicated that the maximum obtainable 
pressure recovery generally increased with increasing values of Reynolds 
number from 2.7 to 5«2 million. 


INTRODUCTION 


Presented in reference 1 are the results of an exploratory experi- 
mental investigation of a type of internal- compression .inlet which has a 
translating centerbody. The data showed that the pressure recovery was 
comparable to that for single-cone external- compress ion inlets and the 
discussion indicated that zero external wave drag was possible. Although 
such findings were gratifying, the analysis presented in reference 1 as 
well as subsequent studies of the data indicated certain deficiencies of 
the inlet which, if eliminated, could possibly improve the characteris- 
tics considerably. For example, it was known from studies of total- 
pressure measurements near the throat region that because of terminal- 
shock-wave interactions, the boundary layer thickened excessively behind 
the wave and caused large total-pressure losses. Also, an analysis of 
the data indicated that a constant-area section in the region of minimum- 
flow area was desirable. Furthermore, studies of the internal lines of 
the inlet showed that small changes to the shape would possibly permit a 
sizable reduction in the starting Mach number of the inlet and hence an 
improvement in off-design characteristics. Lastly, it was suspected that 
the pressure recovery of the inlet might be very sensitive to angle of 
attack. 


In conjunction with the above analyses, related studies of research 
efforts on other types of internal- compress ion inlets reported in ref- 
erences 2 to 6 have shown that large benefits accrued from the use of 
boundary- layer removal and that the limits of maximum pressure recovery 
for internal- compress ion inlets were high with respect to those for 
external- compress ion inlets. Consequently, investigations of the inlets 
of the type introduced in reference 1 designed to operate , up to Mach 
numbers of, 2.5 were continued. The experimental studies, reported herein, 
have been exploratory in nature since a complete study could not be made 
of the many design variables believed to influence the characteristics of 
internal-compression inlets. Thus, although several modif ications to the 
• internal lines were investigated, only one type of boundary- layer- removal 
system and a single method for improving the angle- of- attack character- 
istics were tested. 
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Several Ames facilities were used in the course of these investiga- 
tions to obtain data over a Mach number range from O .85 to 3*5. Measure- 
ments were made of the -total-pressure recovery at a position where the 
compressor of a jet engine might.be located, and in the region of the inlet 
throat. In addition measurements of the static-pressure fluctuations 
within the inlet were made. Although the principal portion of the data 
was obtained at 0° angle of attack, some measurements were, made at angles 
of attack up to 12°. In addition to the experimental measurements, a 
brief analysis of the drag characteristics of the inlet which included 
considerations of the boundary- layer-removal system was made and is 
included herein. • 


SYMBOLS 


A 

A-min 

^i 


D 



L 


i&b 

m 

00 

m i 


area, sq in. 

contraction ratio (the minimum internal flow area at constant 
centerbody position divided by the area of the annulus at the 
lip leading edge) 

annulus entrance diameter at the lip leading edge, in. 

local internal diameter of annulus, in. 

local diameter of centerbody, in. 

frequency, cps 

longitudinal distance from the . compressor station (positive 
direction downstream) , in. 

mass of boundary- layer air removed 
PocAi^oo 

mass flow entering inlet 

p A. V 
K 00 1 00 


M Mach number 

p t total pressure, Ib/sq ft 

Ap root-mean square of the static-pressure fluctuations, lb/sq ft 
R Reynolds number, based on inlet diameter 




V velocity, ft/sec 

X longitudinal distance from the annulus leading edge (positive 

direction downstream), in. 

vertical distance from centerbody surface to probe divided by 
throat height at probe station 

a angle of attack, deg 

p mass density of air, slugs/cu ft 

Inlet Designations 


I isentropic inlets (design of internal shape to avoid the formation 

of shock waves) 

0 ogival inlet (internal contours designed to approximate a uniform 

longitudinal pressure gradient) 

P inlet having holes in the centerbody and annulus to provide per- 

forated surfaces 

S straight inlets (internal contours composed of straight-line 

elements ) 


Subscripts 


c compressor entrance station 

i inlet station (lip leading edge) 

l local condition . 

oo free-stream condition 

APPARATUS, MODEIS, AND PROCEDURE 
Test Facilities. 

Three different facilities were used for the investigation of the 
inlet models: the Ames 6- by 6-foot, 8- by 7“foot, and 8- by 8-inch 

supersonic wind tunnels. A description of each tunnel can be found in 
references 1,8, and 1, respectively. 
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Models 


Of the seven models tested, three were of large scale (inlet 
diameter = 12.5 in.) for tests in the 6- by 6-foot and 8- by 7“f‘oot wind 
tunnels and four were of small scale (inlet diameter =2.5 in.) for tests 
in the 8- by 8- inch wind tunnel. A photograph of one of the large models 
mounted in the test section of the 6- by 6-foot wind tunnel is shown in 
figure 1 (the model mounting in the 8- by 7-foot wind tunnel was similar). 
In figure 2 one of the small models is shown mounted in the 8- by 8-inch 
wind tunnel. Assembly drawings of a large and a small model are shown in 
figure 3 . 


Inlet Design 


Details of the seven inlets are shown in figure 4. Four straight 
inlets, identified by the letter S, were designed with internal surfaces 
having straight-line elements. One inlet, identified by the letter 0, 
had approximately ogival internal surfaces and was, therefore, termed the 
ogival inlet. It was designed with curved longitudinal surface elements 
resulting from design considerations based on a one-dimensional flow 
analysis in conjunction with the requirement of a nearly linear axial 
pressure gradient. Two inlets designed by the method of characteristics 
to avoid the formation of internal shock waves are termed isentropic inlets 
and are identified by the letter I. 


The design considerations for internal-compression inlets with trans- 
lating centerbodies which were discussed previously in reference 1 were 
employed in the inlets of the present investigation. The longitudinal 
distributions of area ratio for the inlets discussed herein differed 
somewhat from those of reference 1, however, as the result of several 
contour modifications made to improve the performance of the latter con- 
figurations. Small scale inlets S4, 01, and II were the same as those 
tested in reference 1 except that the annuli were changed to provide 
nearly constant area sections near the throat regions, and the centerbodies 
were shortened in each case to provide larger base areas for removal of 
boundary-layer air. Because of these modifications, the starting Mach 
numbers of these inlets were higher than those of reference 1. The small- 
scale isentropic inlet, 12, was similar in shape to inlet II (and also to 
the inlet of ref. 4) but provided area ratios to allow starting near a 
Mach number of 1.5- Of the large-scale models, inlets SI and S3 were 
similar in design to inlet S4, but both required changes to the subsonic 
diffuser contours because of structural requirements. In addition, inlet 
SI contours were altered to provide a nearly constant area section as 
well as to permit a starting Mach number near 1.5. Inlet S2, on the other 
hand, differed greatly from the above inlets in that it was designed for 


efficient supersonic compression at a Mach number of about 2.0. For the 
inlets of the present investigation Aj/Aj_ is shown in figure 5> and the 
contraction ratio A m j_ n /Aj_ is plotted in figure 6. For convenience, the 
important design parameters and test variables for each inlet are given 
in the following table. 


Inlet 

Wind 

tunnel 

Range of 

test variables 

Desi 

gn parameters 

Hjo 

RxlO" 6 

a, 

deg 

Centerbody 

apex, 

x/d 

' 

^min 

A i 

Constant 

area 

length 1 

(inlet diameters) 

“start 

SI 

8- by 7" foot 

2.47-3.50 

0.60-1.07 

0-12 

0 

0.37^ 

0.80 

1.5 

S2 

6- by 6- foot 

0.85-2.25 

2.5-2. 9 

0 

0 

.649 

0 

1.85 

S3 

6- by 6-foot 

2.3*+ 

1.15 

0-11.6 

0 

.390 

.20 

1.85 

s4 

8- by 8- inch 

2. 1-3.0 

2. 5-3. 9 

0 

0 

.373 

.84 

2.3 

01 

8- by 8- inch 

1.7-3. 0 

2 . 0 - 3 . 9 

0 

-0.2 s 

.373 

.84 

2.0 

11 

8- by 8-inch 

2. 1-3.0 

2 . 5 - 3 . 9 

0 

0 

.373 

.84 

2.3 

12 

8- by 8- inch 

1.8-3. 0 

2 . 0 - 5. 2 

0 

-0.46 2 

.4o4 

.84 

1.5 


■Hfith the exception of inlets S2 and S3, allowances were made for 'boundary- layer growth. 
^For inlets 01 and 12 the centerbodies could be retracted to X/D values of 0. 


The location and size of the holes in the annulus and centerbody of 
the inlets employing boundary- layer removal are given in figure 7* For 
each inlet the upstream row of holes in both the annulus and centerbody 
coincided with the beginning of the constant area section of the inlet 
when the centerbody was positioned for maximum pressure recovery at 
M = 2.5 and without boundary- layer removal. Note in figure 5 > > for the 
inlets employing boundary- layer removal, that at each centerbody apex 
position the region of perforations on the centerbody (indicated by dash 
lines) is shown with respect to the region of perforations on the annulus. 
The holes were sized to permit removal. of approximately 8 percent of the 
inlet flow. For the small models the air removed through the annulus was 
ejected to the free stream at 90 ° to the center line of symmetry, whereas 
for the large model the removed air was expanded rearward through a 
nozzle to a supersonic Mach number. In all bleed configurations, the air 
removed through the centerbody perforated surface was ejected at the base 
of the model. Inlets employing boundary- layer removal are identified 
herein by a letter P following the letter-digit combination. 

Drawings of the angle- of- attack, flow- deflector plates used on models 
SI and S3 are presented in figure 8. 


Instrumentation and Measurements 


Total-pressure recovery .- For both the large and sma ll models, the 
total- pres sure recovery at the assumed location of the engine compressor 
face was measured with total-pressure, tubes arranged on an equal-area 
basis as shown in figures 3( a ) an & 3(b) • The rake of the large model 
had 36 total- and 6 static-pressure tubes and the rake of the small model 
had 20 total- and 4 static-pressure tubes. For both cases, the pressure 
tubes were connected to mercury filled multitube manometers and the data 
were, recorded photographically. From such data total-pressure distribu- 
tion was obtained. The manometers also contained integrating tubes which 
were used in conjunction with automatic recording and computing equipment 
to obtain average values of the total pressures. (Static-pressure measure 
ments in the main duct of the large and small models were not used in 
these tests. ) 

Mass flow through boundary- layer removal system .- Because of space 
limitations in the small models, only one static- and one total-pressure 
tube could be placed in the centerbody boundary- layer-removal system to 
measure the mass flow. As shown in figure 3("b), the tubes were near the 
exit of the centerbody boundary- layer- removal duct. The mass flow through 
the annulus boundary- layer- removal system was not measured directly. 
However, an estimate was made, assuming that the pressure recovery across 
the holes was the same as those measured in the centerbody and that the 
flow through all holes was choked. Therefore, the mass flow through the 
annulus was assumed proportional to the ratio of the perforated area of 
the annulus to that of the centerbody. 

No measurements were made of the boundary- layer- removal mass flow 
of the large model, SI, because measuring tubes could not be installed, 
in the exit passages. 

Total-pressure surveys .- Surveys of the total-pressure distribution 
in the vicinity of the inlet throat were made for inlets S4 and 12 using 
a total-pressure probe and a wall static-pressure orifice. When possible, 
two surveys were made, one with the terminal shock positioned ahead of 
the probe, and the other with it behind the probe. In the latter case 
the flow was supersonic at the probe and in the calculation of stream 
total pressure, the Rayleigh pitot relationship and the assumption of 
constant static pressure across the duct were used. 

Static-pressure pulsations .- A pressure cell (a bonded strain-gage 
type) was installed flush with the duct surface near the compressor, inlet 
station of inlets S2 and S3 (see fig. 3( a )) to measure the static-pressure 
pulsations in the duct when flow unsteadiness occurred. The output signal 
of the pressure cell was passed through a complete carrier-amplification 
system (system response flat to 3000 cps) and then recorded in two 


different ways. In one case the root-mean-sq.uare value of the amplified 
signal was observed with a calibrated AC-DC thermocouple- type milliammeter. 
This method provided a convenient indication of the energy level of the 
flow unsteadiness. In the other, the signal was recorded on a magnetic 
tape so as to permit analysis of the unsteadiness characteristics at the 
conclusion of the test. 


Procedure 


The procedure for obtaining pressure-recovery data was the same for 
the large and the small models . In most cases data were obtained for 
supercritical inlet operations. However, depending on the Mach number 
and inlet, some data were taken for subcritical inlet operation. After 
an inlet had been started (by extending the centerbody) , the centerbody 
was retracted to one of several positions near the most rearward one for 
which any further retraction would expel the terminal shock from within 
the inlet. At each centerbody position the back pressure was then 
increased by closing the exit plug. The pressure recovery increased with 
forward translation of the exit plug until the point was reached where the 
terminal shock was expelled. The pressure recovery obtained just prior to 
expulsion of the terminal shock was considered the maximum obtainable for 
that centerbody position. The pressure recovery values presented herein 
for subcritical inlet operation are the maximum obtainable for the spec- 
ified centerbody positions. 

RESULTS 


The average total-pressure recoveries obtained for the internal- 
compression inlets at 0° angle of attack are shown in figures 9 through 11. 
Specifically, the variation of maximum pressure recovery with contraction 
ratio, A m p n /Aj_, is presented in figure 9 for each inlet at each Mach number 
investigated. These curves generally show that for each Mach number the 
highest pressure recovery, with or without boundary- layer control, occurred 
at a contraction ratio other than the lowest attainable. It should be 
noted that while a peak value of pressure recovery was always obtained for 
each Mach number, sufficient data to define clearly the entire curve are 
lacking in some cases. The highest values obtained at each Mach number 
for the inlets with and without boundary- layer removal are presented in 
figure 10 to show the variation of maximum pressure recovery with Mach 
number. Tests which varied the Reynolds number at M^ =2.5 were made 
with inlet I2P and the results are presented in figure 11. 

Total-pressure surveys in the transonic region of internal- compression 
inlets are useful for determining the efficiency of the compression process 
in the. supersonic region of- the inlet. The results of surveys obtained at 
jv^ = 2.5 for two inlets (Sk and 12) with and without boundary- layer removal 
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are shown in figure 12. The data are presented for the terminal shock 
downstream of the survey prohe and, where possible, for it upstream of 
the probe. 7 By this technique a comparison can be made between losses 
arising from supersonic compression alone and those arising from the 
entire compression process up to and including the terminal shock system. 

The results showing the effect of angle of attack on pressure recov- 
ery are presented in figure 13 for several inlets. Data for the inlets 
with and without flow-deflector plates are included. 

It is desirable that the air delivered to the compressor by the inlet 
system have small variations in the distribution of total pressure as well 
as high average pressure recovery. Therefore, contours of local total- 
pressure ratio for several inlets are presented in figure 14 to show 
typical total-pressure distribution. In addition to total-pressure dis- 
tortion the character of flow unsteadiness is important to the designer. 
The results showing the magnitude of unsteadiness (expressed by the 
parameter, 4p/Ptoo) as well as the predominant frequency of the disturbance 
are presented in figures 15 and 1 6 . 


DISCUSSION 


Total- Pres sure Recovery 


Effect of boundary- layer removal .- The importance of the application 
of boundary- layer control to most air-induction systems has been well 
established as a requisite to the attainment of high pressure recovery. 

Some of the general flow characteristics associated with the removal of 
boundary- layer air through holes, scoops, and nozzles are presented in 
references 9, 10, and 11, and several studies of specific scoop-type, 
boundary- layer- removal systems in internal- compress ion inlets are pre- 
sented in references 2, 3> 4, and 6. However, there is little published 
data available which can be used to select the location or the type of 
bleed* system for three-dimensional internal-compression inlets. 

The over-all improvement in pressure recovery obtained by removal 
of the low-energy boundary- layer air with the perforated inlets of this 
test was large and can be seen most conveniently in figure 10. The 
largest gain at 1^, = 2.5 was obtained with inlet S4P - from 77 percent 
without boundary- layer removal (inlet S4) to 88 percent; the corresponding 
geometric contraction ratios were 0.470 and 0.420, respectively. The total 
boundary- layer air removed through the centerbody and annulus perforations 
of the small inlets near = 2.5 was estimated, as discussed in Inlet 
Design section, to be about 8 percent of the inlet capture mass flow. 
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Some understanding of the effects of "boundary- layer control can be 
obtained from the results of the total-pressure surveys in the throat 
region (fig. 12). Considering first the data wherein the terminal shock 
is aft of the probe , the results show that boundary- layer control reduced 
the total- pressure losses near both surfaces for inlet S4P but had no 
appreciable effect on the total-pressure losses for inlet I2P. This may 
be the reason why boundary-layer control was more beneficial in the case 
of inlet S4p than I2P. However, in addition to the possible gain from 
boundary- layer control resulting from a reduction of losses near the inlet 
surfaces, it is believed that the major benefit of boundary- layer control 
is that it increases the stability of the terminal shock location in the 
throat region. Therefore, it may be that because of a more stable shock 
location it was possible to operate an inlet with boundary- layer control, 
in contrast to an inlet with none , at a lower geometric contraction ratio 
and at a lower Mach number ahead of a terminal shock of correspondingly 
lower total- pressure losses. Small total- pressure losses across the 
terminal shock wave when boundary- layer control was used are evident from 
a comparison of the total-pressure surveys made with the terminal shock 
wave behind and ahead of the probe (see figs. 12(b) and 12(d)). When com- 
paring the results of inlets S4p and I2P it should be noted that although 
their total-pressure profiles were different for operation with no 
boundary- layer removal, their profiles were nearly the same when maximum 
pressure recovery was attained with boundary- layer control. 

It is evident that if the losses in total pressure were decreased 
for operation vfhen terminal shock was aft of probe (see figs. 12(b) 
and (d)) by further improvements in boundary- layer control, associated 
gains in the pressure recovery at the compressor station could be 
expected. Most consideration should be given to improving the flow near 
the annulus, since that is where the largest region of loss occurred. 

The shrouded, perforated large inlet SIP (see fig. 7(a)) was 
designed with a practical annulus flow-removal system in which the 
boundary- layer air was exited nearly axially. Of the several exit open- 
ings in the shroud tested, satisfactory operation occurred only with the 
largest opening which provided an exit nozzle throat area 25 percent 
greater than the total area of the annulus holes. This indicates that 
low pressure recovery was obtained across the 90° perforated holes. With 
the use of slanted holes higher plenum pressure recovery might have been 
attained thus requiring smaller exit openings. It should be noted here 
that because of operational limitations of the large model no boundary-* 
layer air could be removed through the centerbody at M^ = 2.47; at the 
higher Mach numbers the boundary- layer air removed through the constricted 
exit passage of the centerbody, in percent of inlet flow, was probably 
much less than thaf exited from the small models (S4p,' 01P, IIP, and I2P) . 

The present tests have shown that removal of moderate amounts of 
boundary- layer air for this type of inlet significantly improves the 
pressure recovery up to Mach numbers of about 3.0. Other types of 
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internal- compress ion inlets removing, generally larger amounts of boundary- 
layer air have provided high pressure recovery over the Mach number range 
of' this test. Some results of tests of other types of inlets as well as 
the results of tests of several of the present inlets are shown together 
in figure 17* It is evident that with boundary- layer control the pressure 
recovery of internal-compression inlets can exceed the values defined by 
the envelope of the best external-compression inlets. Also, the data of 
reference 3 indicate the pressure recovery that may be attained with thei 
present type of inlet , provided efficient methods .are found for properly 
controlling boundary- layer air. 

In figure 17 and also in figure 10 it can be seen that a rapid 
decrease in pressure recovery occurred above M^, = 2.0 for inlet S2 
(consider only supercritical flow operation) and above M^ = 2.5 for 
inlets S^P, IIP, and I2P. A partial explanation for this behavior of 
these inlets becomes apparent by studying the contraction- ratio data 
presented in figure 18. For inlet S2 the contraction ratio could not be 
reduced below the value attained at = 2.0 (a centerbody travel limita- 
tion) and consequently a rapid decrease in pressure recovery would be 
expected at Mach numbers above 2.0. The minimum available contraction 
ratio that could have been obtained with inlets S^P and I2P was never 
quite reached. However, because the contraction ratio for maximum pres- 
sure recovery remained essentially constant with Mach numbers above 2.5 
and no . increase, in boundary- layer removal was noted, it would be expected 
that a rapid decrease in pressure recovery with increasing Mach number 
above 2.5 would occur. It is believed, therefore, that while all the 
pressure-recovery data are of academic interest, those data presented for 
Mach numbers above that where the rapid decrease of pressure recovery 
occurs are not to be considered representative of the pressure recovery 
that might be obtained with an inlet of the present type designed for 
higher Mach numbers . 


Effect of internal shape .- A comparison between the best straight 
inlet, S^P, and the best isentropic inlet, I2P, shows that their pressure- 
recovery characteristics were quite similar for a wide range of Mach 
numbers (see fig. 17). In addition, it was previously shown that at 
ly^ = 2.5 their total- pressure profiles in -the throat were nearly the same. 
Of interest, then, is the physical difference between these inlets at 
M^, = 2.5. For convenience, . figure 19 is included and it can be seen 
therein that the main difference in the internal-area distribution is 
ahead of the minimum throat area. It can be concluded that the differences 
in shapes in the supersonic region represented by these two inlets had no 
significant effect on the pressure recovery attained at M^, = 2.5. 

It should not be inferred from the above that any shape in the super- 
sonic region will be satisfactory. The data for isentropic inlets IIP 
and I2P show considerable differences in the pressure-recovery character- 
istics (see figs. 10(e) and (f)). A preliminary theoretical flow analysis 
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of isentropic shapes has shown that small changes in the contours influ- 
ence the flow field considerably and may cause coalescence of Mach lines 
which result in strong shock waves and concomitant total-pressure losses. 
Thus, until more conclusive theoretical analyses can he made information 
leading to satisfactory isentropic designs will remain meager. 


Additional effects of shape in the supersonic region are apparent 
from the data obtained with inlets 01 and 01P. The poor pressure-recovery 
characteristics of this type inlet are believed to be related, for the 
most part, to the relatively large internal lip angle. Several tests 
were conducted in which the annulus of inlet I2P was used in conjunction 
with the ogival centerbody. At . = 2.5 and with boundary- layer control 

the pressure recovery for this inlet was 83 percent - an increase of 
approximately 9 percent over that obtained with inlet 01P with about the 
same amount of boundary- layer air removed. It may be that relatively 
large lip angles can promote shock- induced boundary- layer separation on 
the centerbody and cause serious losses in pressure recovery. 


Experimental investigations in a constant-area channel (refs. 9 
and 10) have shown the advantages of high ratios of throat length to 
the length of the terminal-shock region. As noted previously, inlets 
S4, 01, and II provided an increase in the length of the transonic region 
over that for the corresponding inlets of reference 1. Comparisons of 
the data of reference 1 and those for the present tests shown together in 
figures 10(c), (d), and (e) are inconclusive as to the effect the added 
constant-area section had on pressure recovery. The results of reference 
4 show that there was little, or no improvement in pressure recovery at 
= 2.5 with the addition of a lengthened, constant-area throat section. 


The importance of subsonic diffusion has been emphasized in many 
publications and, in general, the findings indicate that both the local 
and equivalent- conical subsonic diffusion ’angles must be kept low. In 
addition, the length of the diffuser should be kept as short as possible 
to keep the friction losses low. One of the ratios that strongly influ- 
ences the subsonic diffuser shape is A c /A±. For the inlets of the 
present investigation this ratio was 1.0, a value typical of that used 
for an engine designed for Mach numbers of about 2.0. For the geometric 
characteristics of these inlets the equivalent subsonic diffuser angle 
could be as large at 10°. Had a lower value of A c /A± been used (such 
as 0.60 or 0.70 which are values typical for engines designed for Mach 
numbers near 3-0), the subsonic diffuser could have been either shorter, 
or have had smaller diffusion angles. . In contrast to inlet I2P the 
isentropic inlet of reference 4 had a value of A c /A± equal to O.653. 
Also, its subsonic diffuser (see fig. 19 for difference in area variation 
and length between I2P and the inlet of reference 4) was short and had 
a small diffuser angle, thereby conforming to the requirements of an 
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efficient subsonic diffuse!*. The data of figure 17 show that at = 2.5 
the pressure recovery obtained with this inlet was 0..910 and with inlet 
I2P it was 0.86^. This difference in pressure recovery is believed to be 
attributed to both the differences in subsonic diffusers and the differ- 
ences in bleed systems. - 

In the design of the internal shape of internal-compression inlets 
the starting Mach number must be considered. The significance of this 
can be. shown by the data for inlets S2 and I2P (figs. 10(b) and (f), 
respectively). The discontinuity in the curve (fig. 10(b), inlet S2) 
showing an ‘-abrupt increase in pressure recovery between Mach numbers of 
1.8 and 1.9 occurs because inlet S2 was unable to "swallow" the terminal 
shock at M = 1.8, whereas at M = 1,9 the inlet started. Notice, how- 
ever, that no discontinuity occurred for inlet I2P (fig. 10(f)) which was 
designed to start near a Mach number of about 1.5 (M = 1.8 was the lower 
Mach number limit of the small tunnel). 


Effect of angle of attack .- One important characteristic to a designer 
is the rate at which the pressure recovery decays with increasing angle of 
rA(Pt„/ptJ_ 

j . As shown in figure 20 for three of the inlets 
JassO 0 


attack 


max 


Act, 


investigated herein, the rate of pressure-recovery decay with angle of 
attack was relatively small for Mach numbers less than about 2,5, whereas 
it was large at Mach numbers near 3.0. The results of the tests of ref- 
erence 6 also included in figure 20 show a similar effect of Mach number. 
From these results it is apparent that circular inlets may be more sensi- 
tive to asymmetric flow at Mach numbers above approximately 2.5 than below. 


One way of improving pressure recovery at angle of attack is to 
position the inlet properly to take advantage of the compression afforded 
by the flow field of a wing or body. Another may be with the use of flow- 
deflector plates which, in some cases, could provide a flow field approxi- 
mating that under a wing or body. For inlet S3, which was tested only 
with a concave plate (see fig. 8 (a)) the data show that at = 2 . 3 ^- the 
flow-deflector plate was effective in maintaining the pressure recovery 
up to at least 9 ° angle of attack, the limit of the test (fig. 13 (b)). 
Without the plate the pressure recovery decreased rapidly with an increase 
in angle of attack above ^°. Inlets SI and SIP were tested with three 
different plates (concave, straight, and convex) at IV^, of 2 . 7 ^ and 3 . 0 . 
These plates were not as effective at these Mach numbers as was the plate 
used with inlet S 3 at M m = 2 . 3 ^j the sudden reduction in pressure 
recovery began at an angle of attack of about 3.0°. It is believed that 
the main reason for the ineffectiveness of the plates at high angles of 
attack for inlets SI and SIP must be connected with the presence of the 
space between the leading edge of the inlet and the trailing edge of the 
plates (inlet S3, with flow-deflector plate, did not have a space). 
Observation of the manometer tubes during the tests of inlets SI and SIP 
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indicated that a large region of total-pressure loss occurred near the 
top of the duct at the compressor station when the angle of attack was 
increased above 3°. Apparently large flow disturbances occurred in the 
region of the space, entered the inlet, and strongly influenced the inter- 
nal flow to produce this large loss. (The testing at angles of attack was 
limited to low Reynolds number, and Mach numbers above 2.5, because of 
excessive model oscillations which apparently were produced by vibrations 
of the model-support system.) 

Effect of Reynolds number .- The flight Reynolds number (based on 
inlet diameter) for a full-scale inlet operating over a wide range of Mach 
numbers and altitudes may vary from about 3 'to 5 million. Hence, tests 
were made with inlet I2P at M^ = 2.5 to investigate the effects of 
Reynolds number over this range. Calculations . indicated that the flow 
removed through the centerbody was nearly constant for this range of 
Reynolds number (m^/m^, = 0.04). The data obtained with the centerbody 
and exit plug set for positions of maximum pressure recovery (fig. 11(b)) 
show that although a slight discontinuity occurs in both the pressure 
recovery and the contraction-ratio curves at R = 3.8 million, the pres- 
sure recovery generally increased with increasing values of Reynolds 
number from 2.7 to 5.2 million. In the tests of reference 4 (at lower 
Reynolds numbers, 0.24 to O .96 million) similar trends of pressure recov- 
ery and contraction ratio were also observed, but the rates of change were 
greater than those obtained in the present tests. 

' V 

Flow Distortion and Unsteadiness 


Flow distortion .- The effect of increasing angle of attack on flow 
distortion is shown in figure l4(a) for inlet S3. At 0 Q the contours were 
symmetrical, and the maximum difference was 0 . 09 ; however, at angles of 
attack above 5.75° there were large radial and circumferential variations 
in the total-pressure ratio. Figure 14(b) was included to show that the 
flow- deflector plate, in addition to improving the average pressure recov- 
ery, also improved the total-pressure distribution at angle of attack. 
Although the largest difference in total-pressure ratio was about the same 
with or without the plate, the circumferential distribution was greatly 
improved. Examination of the data for inlets S4 and S4p (fig. 14(c)) 
shows that at = 2.5 boundary- layer removal also improved the over-all 
total-pressure distortion as well as the average pressure recovery. 

Unsteadiness .- In the present tests the unsteadiness was first 
observed with the schlieren system and during its occurrence measurements 
were made of the amplitude and frequency of the static-pressure fluctua- 
tions near the compressor station. No measurable unsteadiness was 
observed with the inlet started and the terminal shock inside near the- 
throat region. However, for subcritical inlet operation, unsteadiness 
usually occurred when the centerbody was positioned so that there was 
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interaction between the normal shock and the centerbody boundary layer. 
The predominant frequency of the disturbance is included for the data 
points for which it could be obtained (see figs. 15 and 1 6). (it should 
be noted that the unsteadiness data in figs. 15 and 1 6 cannot be corre- 
lated with the pres sure- recovery data of figs. 9(b) and 9( c ) •) The 
unsteadiness data show that, generally, the magnitude of the pressure 
disturbance increased with increasing values of contraction ratio, that 
is, with extension of the centerbody. This should be expected because 
with increasing centerbody extension the adverse interaction between the 
normal shock and the boundary layer on the centerbody should increase 
above that which would occur with the centerbody nearly retracted. How- 
ever, in some cases when schlieren observations indicated an increase in 
buzz with increasing centerbody extension, the pressure cell showed no 
increase in pressure fluctuation. This may occur if the subsonic flow 
behind the external normal shock is accelerated sufficiently inside the 
inlet to choke the minimum area. Then pressure pulsations that' might 
enter the inlet would be damped. 

Drag 


Drag considerations are of basic importance in comparisons of air- 
induction systems. During the present investigation, however, no drag 
measurements were made because of the difficulty of measuring the small 
drag values experienced by the internal-compression inlet. For example, 
calculations of the external-wave-drag coefficient of a typical internal- 
compression inlet pod using the method of characteristics indicate a 
value of only 0.009 1 because of the low external lip angle of the inlet. 

A comparable .external- compress ion inlet, on the other hand, would have, a 
wave-drag coefficient of the order of 0.100 to 0.250 depending on the 
value of the lip angle selected (in this case 15° to 28°). 


As the present report and reference 3 both show, proper application 
of boundary- layer control may provide a significant increase in pressure 
recovery. However, the momentum loss of the air removed through the 
control system must be known to properly determine whether the increase 
in pressure recovery results in an over-all performance gain. Again, 
in the present investigation the magnitude of this drag component was not 
measured. However, calculations show that a drag coefficient of approxi- 
mately 0.016 may be obtained, assuming a bleed mass-flow ratio of 0.08 and 
a total pressure loss of 0.4-0 p-f- in a system in which the air is dis- 
charged at 15° to the free stream (convergent-divergent exit nozzle). 


tThe drag coefficient is based on the area of the annulus at the 
lip leading edge (iv^ = 2.5, D.,V(l)^ ay .) ^ = 0.74-2, length of pod = 6.74- 

inlet diameters and mass-flow ratio of 1.0). See reference 12 for method 
used in determining the wave drag. . . 
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It should be noted that the amount of air removed in the present investi- 
gation was small. For inlets in which large amounts of boundary- layer air 
are removed to attain high pressure recovery, such as those considered in 
reference 3 (m^/nioo = 0 . 28 ), the drag coefficient would be large, and might 
approach values of the order of 0.06 for the same assumptions used in the 
above' analysis of the present inlets . 

A further source of drag is skin friction on the external surface. 

For a typical installation of an internal- compress ion inlet (see foot- 
note 1) , a drag coefficient of 0.0^0 was calculated. (An all- turbulent 
boundary- layer flow was assumed and a Reynolds number of 1.0 million 
based on the inlet diameter was used.) This value would be approximately 
the same whether the inlet was of the internal-compression or external- 
compression type and would probably be unaffected by the amount of air 
removed through the boundary- layer- control system. 


SUMMARY OF RESULTS 


Tests were conducted with seven circular, axially symmetric, internal 
compression inlets, some- of which were equipped with systems for removing 
internal boundary- layer air. The following results were obtained from 
the investigation conducted with these inlets for Mach numbers between 

O .85 and 3*5> for Reynolds numbers (based on inlet diameter) between 
0.6 and 5.2 million, and for angles of attack up to 12°: 

1. At a Mach number of 2.5 the largest gain in pressure recovery 
resulting from boundary- layer removal was obtained with a straight inlet 
designed to perform up to Mach numbers of about 2.5. The pressure recov- 
ery was 77 percent of the free- stream value without boundary- layer removal 
and 88 percent with about 8 percent of the inlet capture flow removed 
through perforated surfaces. 

2. The differences in internal shape of. the best straight and best 
isentropic inlet, each with perforations, had no significant effect on 
the pressure recovery at a Mach number of 2 . 5 . However, in the case of 
the. ogive inlet the pressure recovery was poorer than those of the 
straight and isentropic inlets. 

3 . Analysis of angle- of- attack data revealed that the initial rate 
of pressure-recovery decay with angle of attack increased with increasing 
Mach number. With one inlet a flow- deflector plate, placed above the 
inlet to project ahead of the entrance, was effective in maintaining 
nearly constant pressure, recovery for angles of attack up to at least 
9°, the limit of the test. Further, the total-pressure distribution was 
improved over the angle- of- attack range. 
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h. The distortion at the compressor station was small for all inlets 
tested for angles of attack up to about 6 °. 


5. No air-flow unsteadiness was observed during supercritical inlet 
operation. However , high-level flow unsteadiness occurred at some sub- 
critical inlet conditions . 

6. A test with one inlet indicated that the maximum obtainable 
pressure recovery increased generally with increasing values of Reynolds 
number from 2.7 to 5.2 million.' 

Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif ., Nov. 20, 1958 
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(a) Front view 


A-21318 


Figure 1.- 


Photographs of one of the large internal-compression inlets 
mounted in the Ames 6- by 6-foot wind tunnel. 
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(b) Rear view. 


A-21317 


Figure 1.- Concluded. 
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Figure 2.- Photograph of typical small internal- compress ion inlet mounted in the Ames 8- by 8-inch 

wind tunnel . i*-* • 
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Figure 3.- Sketches of the air-induction models, 
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(b) Small models ( S4,0I,1 1,12) 


Figure 3.- Concluded. 
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Figure b.- Sketch of annulus and centerbody details of the seven inlets. 
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(b) Inlet S2 

Figure k.- Continued. 
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(c) Inlet S3 

Figure 4.- Continued. 
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Annulus junction 
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(e) Inlet 01 

Figure 4.- Continued. 
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(f) Inlet I I 

Figure b . - Continued . 


ro 

W 

































CONFIDENTIAL 



Annulus coordinates 

X 

Da 

X 

Da 

x 

Da 

0 

2.500 

3.027 

2.226 

6.027 

2.058 

.527 

2.492 

3.527 

2.1 76 

6.527 

2.080 

1.027 

2464 

4.027 

2.158 

7.027 

2.138 

1.527 

2418 

4527 

2.154 

7.627 

2.229 

2.027 

2.356 

5.027 

2.136 



2.527 

2.290 

5527 

2.102 




Figure 



Annulus 


All dimensions in inches 
unless otherwise noted 



Centerbody 


Centerbody 

coordinates 


X 

Db 

X 

d b 

X 

•Db 

0 

0 

3.182 

.936 

6.182 

1420 

.682 

.110 

3.682 

1.142 

0> 

*<J) 

00 

ro 

1.372 

1.182 

.238 

4.182 

1.312 

7.182 

1.306 

1.682 

.390 

4.682 

1.414 

00 

ro 

1.224 

2.182 

.560 

5.182 

1.458 

9.682 

.828 

2.682 

.740 

5.682 

1.448 




j Inlet I 2 






• • • • 


Concluded 























'wrjMaaiiMoo 




CONFIDENTIAL 







CONFIDENTIAL - 






^.Macfipop 











• • ••• • •• •••• ••• ••• 

• • « 
• •• • M 


• • • • • 

• • • 

• •••• ••• 


’**• jCOflFID^FflAjL 

•••• • • 
••• • • •••• ••• 


• • • i 

• • • < 

• • « 

• •• 


Note (j) 24 holes/row in oil annuli, spaced equally-even numbered rows rotated 7'/2° 

Note @ 18 holes/row in all centerbodies, spaced equally;even numbered rows rotated 10° 
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(b) Inlets S4B OIP.IIP, a I2P 

Figure J.- Details of the perforated inlets. 
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(a) Concave plate used with inlet S3 

e 8.- Details of the flow deflector plate used with inlets SI and S3. 


a^ruiaaijiao 












Coordinates for 
flat plate 


^ / Concave plate 


Coordinates for 
concave plate 

a 

+b 

a 

±b 




a 

+ b 

a 

±b 

0 

0 

4.35 

5.00 

■ ' i 




0 

0 

3.69 

4.00 

O.IO 

1.00 

4.95 

5.25 





0.29 

1.00 

4.79 

450 

0.49 

2.00 

5.75 

5.50 


f ( ^ 



0.59 

1.50 

6.10 

5.00 

1.10 

2.88 

6.55 

5.75 

c 

1 \ 0 



0.88 

2.00 

7.80 

5.50 

1.75 

3.50 

7.90 

6.00 


/ 

/ 

/' 

/ 

l 

J.47 

2.50 

10.09 

6.00 

2.40 

4.00 

11.65 

6.30 

Flat alate ~~ — ■ — . J 

i 

ll ■ 

2.09 

3.00 

14.58 

6.52 

3.30 

4.50 

24.75 

6.30 




2.79 

3.50 

24.75 

6.52 


Top view 


Constant bevel of leading edge — = 
of 5° in the axial direction 






z 


ITT 


Side view (Flat plate only) 
Half-plate development in a plane 


(b) Concave and flat plates used with inlet SI 
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(c) Convex plate used with inlet SI 

Figure 8.- Concluded. 
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Figure 9*” Continued. 
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(f) Inlets II a II P 

Figure 9»“ Continued. 
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(a) Inlets SI a S I P 

Figure 10.- Maximum pressure recovery as. a function of Mach number for 

the seven inlets . 
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(e) Inlets II a IIP 


Figure 10.- Continued. 
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(f) Inlets I28I2P 
Figure 10.- Concluded. 
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Figure 11.- Effect of Reynolds number on total- pres sure recovery and 
contraction ratio; M = 2.5; a = 0°; Inlet I2P. 
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Figure 12.- The distribution of the total- pres sure ratio between the 
centerbody and annulus surfaces of inlets and 12 with and without 
boundary- layer bleed; M = 2.5. 
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(c) Inlet 12 
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(d) Inlet 12 P 

Figure 12.- Concluded. 
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Figure 13.- Variation of maximum pressure recovery with angle of attack 

for two inlets. 
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NOTES: (l) Reynolds number is based on the diameter 

of a circle with the same area as that 
of the capture area of the inlet. 

(2) The symbol * denotes the occurrence of 
buzz . 
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